The effect of annealing treatments on defect structure and diffusion lengths in bulk ntype GaAs J. Appl. Phys. 66, 2002Phys. 66, (1989 Hole diffusion lengths L were determined for several Te-doped GaAs crystals with electron concentration.s ranging from 2 X 10 16 to 6.5 X 10 18 em-a. The values of L were obtained by fitting experimental photolummescence spectra to a theoretical expression which contains the measured absorption coefficients. This expression was derived from radiative recombination statistics, taking into account the reabsorption of emitted photons and the diffusion of minority carriers. The idea used by van Roosbroeck and Shockley of introducing the measured absorption coefficient by means of the principle of detailed balance is shown here to be valid fQr both nondegenerate and degenerate n-type GaAs. It was fQund that the hole diffusion lengths are nearly independent of electrQn concentration n for n < 1 X 10 18 em-a. This result is attributed tQ a constant tQtal hole lifetime associated with a nearly constant concentration of "frozen-in" defects. For n > 2 X 10 18 em-a values for diffusion length decrease rapidly with increasing n. This decrease is attributed to the formation of additional defects associated with donor complexes 'Or precipitates, or bQth. The diffusiQn lengths determined in this work are in gQQd agreement with thQse fQund by Wittry and Kyser from the electron-beam excitation methQd but are larger than thQse 'Obtained by Aukerman et al. from shQrt-circuit current measurements 'On n-type surface barrier diQdes subjected tQ high-energy electron bQmbardment.
I. INTRODUCTION
Knowledge of the diffusion lengths of minority carriers in GaAs is of great importance on the performance of minority-carrier solid-state devices. Previous work on this subject consisted of room-temperature measurements of either the short-circuit current of an n-type surface barrier diode subjected to high-energy electron bombardment 1 or the voltage dependence of cathodoluminescence2 on bulk GaAs. Some disagreement in the measured diffusion length was found for crystals with similar doping, being smaller in the former method. This is perhaps not surprising since each technique involved a number of assumptions which might more or less affect the resultant diffusion lengths. For example, in the short-circuit current technique, the effect of electric field was neglected in order to· arrive at an expression for the diffusion length which is inversely proportional to the eIectronbeam specific ionization. Since there was uncertainty in obtaining the specific ionization, one might expect uncertainty in the determined diffusion lengths. In the cathodoluminescence technique, one has to assume a distribution function for the excited holes inside the crystals and to propose a "dead layer" in order to get a fit of the experimental data to the theoretical curves. An independent method seems needed to establish the values of the diffusion lengths and, thus, to know the significance of the measurements as a function of doping. It is the purpose of this paper to present the results obtained from optical absorption and photoluminescence measurements at both 300 0 and nOK for a number of crystals with electron concentrations ranging from 2X 10 16 to 6.SX 1018 cm-3 . This technique was first used by Haynes and Nilsson to determine the electron and hole diffusion lengths in intrinsic Ge. 3 The main idea of the technique is as follows: In the photoluminescence measurements, the excitation light is absorbed near the sample surface within the absorption length of the light. The injected minority carriers diffuse into the sample and recombine with the majority carriers within a depth determined by the diffusion. The photons emitted can be strongly absorbed on their way out of the crystal. Thus, in the emission spectrum, the response associated with the strongly absorbed photons originates from the recombination of carriers close to the surface onlv, while the response associated with weakly absorb~d photons originates from the recombination of carriers both close to the surface and those that have diffused into the sample. From an analysis of the radiation spectrum, one is therefore able to obtain information about diffusion length. As was pointed out by Haynes and Nilsson,3 the technique is a steady-state method that is not affected by carrier trapping. It can, in principle, be used in any semiconductor whose absorption varies appreciably with the photon energy when recombination radiation can be observed in that energy range.
In the present case, the GaAs crystals used are all extrinsic, and most of them are degenerate at room temperature. Therefore, the formulas used by Haynes and Nilsson 3 cannot be employed here for small excitation. The situation is further complicated by the fact that when the crystal is heavily doped, the position of the Fermi level and the density of states in the conduction band tail are usually unknown, and the formalism of the recombination statistics cannot easily be applied. If the theory of van Roosbroeck and Shockley4 in relating the radiative generation and radiative recombination can be used, the integral involving the density of states, the matrix elements for the transitions, and the position of Fermi levels at some photon energy can be obtained from the absorption spectrum at the same energy. Thus, a combination of optical absorption and photoluminescence using a curve-fitting procedure should enable one to determine the diffusion length of the minority carriers. The accuracy of this method depends on the uncertainty involved in the absorption measurements. The values of diffusion length found in this way are estimated to be within 20% of the correct values.
We first derive a formula relating the emission spectrum to the absorption spectrum, surface recombination velocity, and the diffusion length. We next examine the validity of using van Roosbroeck and Shockley'S theory, and obtain the diffusion lengths by fitting the experimental photoluminescence spectrum to the calculated one. The accuracy of the measurements is then estimated. Finally, we compare our data with the published values and discuss the significance of our results.
n. THEORY
In this section, the treatment of Landsberg5 of recombination statistics in degenerate semiconductors will be applied. His treatment is quite general in that, essentially, only one assumption was made. This assumption regards the existence of an electron quasiFermi level t e for electrons of concentration n in the conduction band and a hole quasi-Fermi level t" for holes of concentration P in the valence band under the steady-state situation. It is valid in the present case because the thermalization lifetime of the carriers (",10-13 sec) is much shorter than the carrier recombination lifetime (",1Q-9 sec).6
Let A (Ee, E h ) (in cubic centimeters/second) be the number of electron-hole recombinations per unit volume per unit time and for concentrations of one electron at Ee and one hole at E h . Let p.(Ee) and Pv(Eh) be the densities of states (in centimeters-3 /electron volts) in the conduction and valence bands respectively. The total net recombination rate U eh (in centimeters-3 /second), which is obtained by subtracting the electron-hole generation rate from the actual recombination rate and summing overall the possible transitions, can be expressed as where!. and A are, respectively, the Fermi functions for electrons and holes under excitation and the subscript o refers to the corresponding functions at thermal equilibrium. 
where n' is the refractive index and the other symbols have their usual meanings. In order to obtain the distribution of the excess carriers Ap(x), we as·sume that the electron-hole pairs created by the reabsorption of the radiative emission are small compared with those created by the external excitation. This assumption is justified since the total photon yield for all the crystals used in this study is less than 2% (see Sec. IV.D). Thus, the excess carrier concentration is equal to the externally injected carrier concentration and is determined by the surface recombination velocity S, the carrier diffusion constant D, the diffusion length L, and the absorption constant ao of the excitation light bi
where x is the normal distance from the surface and R is the generation rate of the electron-hole pairs. By taking into account the effect of reabsorption of emitted photons on the observed spectral response I (hv), we can express the total number of photons emerged from the crystal as
is found to be given by
The applicability of van Roosbroeck and Shockley's theory will be examined from the following two criteria which contain only the two experimentally measured I(hv) and a(hv):
(1) When a(hv)«ao and a (hv)«L-I which corresponding to the low absorption region [a (hv) The quantities SID and L can in principle be determined by fitting the observed I(hv) throughout the whole photon energy range to the right-hand side of Eq. (6) using the measured a(hv) data. However,
will be practically independent of hv, and only L can be determined from the curve fitting through variation of the term [ao+a(hv) In the present case, S/D>1XH1'cmt (Ref.
2) and the maximum value of a(hv) is about 1.5 X 1O' em-I. Hence, we shall set (S/D)+L-I+ao+a(hv) as a constant independent of hv since, in addition to SID, we have ao=4.4X1O' cm-l at 300 0 K and ao=4X10' cm-l at 77°K8 for a 1.96 eV He-Ne laser excitation.
One remark on the expression for B will be made here for future reference. For nondegenerate crystals in this study (the degenerate concentration is 4X 10 17 cm-8 at 300 0 K and 1 X 10 17 em-a at 77°K) , no»Po, as can be seen from the relation (pono)I/2=n" the intrinsic carrier concentration. For our degenerate crystals, it can be shown 9 that 1/ PO»A' / (A no) unless A'/A is greater than 1020. Since the matrix elements for the transitions were demonstrated to be rather insensitive to the photon energy in dependence GaAs,lO
A'/A is probably of the order of unity. The quantity B in Eqs. (2) and (6) can thus be set to be equal to 1/ po for both nondegenerate and degenerate GaAs crystals. This conclusion is a direct consequence of a large energy gap which is much greater than kT.
III. EXPERIMENTAL
Several Te-doped GaAs crystals prepared by the Bridgman and the Czochralski methods were used in this study. Their electrical properties at 300 0 K are shown in Table 1 . The experimental arrangements and sample preparation for the photoluminescence measurements were described in Ref. 11. A He-Ne laser which. delivered about 1-mW power was used as the excitation light. The room-temperature carrier concentration was determined from the position of infrared reflectance minimum 12 or from Hall effect measurements.
For the absorption measurements a microscope tungsten lamp was used as the light source. The sample-in-sample-out technique was employed. The following setup was used to eliminate the scattered light. The light from the lamp was confined in a thick paper pipe. It was then focused into a beam size of about 500 JJ, in diam by using a set of microscope lenses. A sample holder with width equal to the diameter of the Dewar was used so that any light reflected from the sample surface was blocked Table I . For clarity, not all the crystals in Table I are shown. The solid portion and the dashed portion of the curves correspond respectively to the measured and extrapolated values of the absorption constants.
by the holder and did not go into the detection system. It was possible to obtain an absorption constant up to 1.5X 1()4 cm-1 with a 5-~-thick sample using this arrangement. The samples used in the absorption measurements were lapped and etched to thickness ranging from about 5 ~ to about 500 ~. The thickness of specimens over 100 ~ was measured with a micrometer, and those less than 25-~' thick by the spacing of interference peak due to multiple reflection inside the specimen. The absorption curve for one crystal required two or three samples with different thicknesses so that a complete curve extending to high energy could be obtained. s The region of overlap provided a check on the absorption constants measured independently. With the help of a computer, values of the absorption constants were calculated using a reflectivity of 0.3 and the photoluminescence spectra were corrected for the instrument (filter and spectrometer) transmission and photomultiplier response. The experiments were performed both at 300 0 and 77°K. According to Hill,13 the absorption constants measured for the etched sample should yield an accuracy within 5%. Since all the photoluminescence signals were much stronger than the noise produced by the photomultiplier, the uncertaintv m the emISSIOn spectra should be negligible.
IV. RESULTS AND DISCUSSION

A. Photoluminescence Measurements
For n-type GaAs, the photoluminescence spectra in the photon energy range 1-1.6 eV usually consist of two distinct bands,13 The lower energy band at about 1.2 eV is probably associated with transitions involving donor-Ga vacancy complexes. 14 The absorption coefficient in this spectral region varies very slowly with photon energy, and is likely to contain large contributions from the free carrier absorption. It therefore cannot be used for the diffusion length analysis . The high energy band in the neighborhood of the bandgap energy is associated with transitions from the conduction band to the valence band. As the doping increases, the peak energy of the band shifts to higher energy and the half-width becomes broader, an effect resulting from a combination of the bandtailing and the Burstein shift,15 This high energy band spreads in the energy range in which the absorption for pure GaAs, and hence may be considered as due to transitions from the parabolic part of the valence band to the parabolic part of the conduction band. It is apparent that this part of the a (hv) curve is independent of doping. Thus, we shall use the same al(hv) value which is taken from Sturge's measurements for all crystals used in this study. The dashed curves were obtained by extrapolating the measured curves (solid curves) to the portion corresponding to transitions between two parabolic bands. The extrapolation was done by following the corresponding portion (same absorption constant) of one of the four complete curves measured for crystals number 4, 8, 11, and 13, depending on which one has the closest doping. It is noted that each extrapolated portion of the curve covers only a small range of the entire spectral region. We shall further discuss the effect of this extrapolation on the determination of diffusion length in Sec. IV.D. Our absorption data both at 300° and 77°K for a < 4X 1()2 cml are generally in agreement with those obtained by Hill,t3 except for some of the lowdoped crystals, which may be due to different degrees of compensation. 16 Data at both temperatures show the Burnstein shift l5 as the doping increases. However, a much more pronounced shift is observed for the 77°K data.
C. Validity of the Theory of van Roosbroeck and Shockley
We now use the two criteria stated in Sec. II to examine the validity of using Eq. (3). In Figs. 3(a) and 3 (b) we plot respectively as open circles the low and high energy sides of the measured photoluminescence spectra at 300 o K. Again, data for some crystals in Table I were omitted for clarity. The solid curves are calculated from the expression (hV)2 exp(-hv/kT)a(hv), using the measured a values for a < 10 3 crn-3 and Figs. 4 (a) and 4 (b) . The low energy side of the spectra for heavily doped crystals was shown only in a limited photon energy range because the spectra actually extend to the very low a region (a<l cm-l ) , and the accuracy of the absorption measurement for a< 1 cm-1 is very doubtful. However, the excellent agreements found at 300 0 K are again seen at 77°K. The departure of the observed spectra on the high energy side [Fig. 4(b) ] from the expression (hV)2 exp (-hv/kT) is also seen at 77°K, The theory of van Roosbroeck and Shockley was also examined previously by Chant for several p-type GaAs and two n-type GaAs crystals, and by Varshni l7 for pure GaAs. They used the relation
and thus neglected the carrier diffusion and photon reabsorption. Good agreement was found by Chant in the low absorption region. Varshni 17 compared the 77°K spectrum obtained by Nathan and Bums 18 with a curve calculated on the basis of the 90 0 K a(hv) reported by Sturge. 8 He noted that the calculated spectrum is broader, on both the high and low energy side, than the observed one. In the high absorption region where the absorption constant is independent of doping (crystal) and is rather insensitive to temperature,8 failure to consider the carrier diffusion and photon reabsorption should cause the calculated curve to have a broader high energy side, as can be seen from Eq. (6). The discrepancy on the low energy side spectrum might be due to different crystals used in measuring I (hv) and a (hv ), since the slope of the absorption edge is sensitive to the degree of compensation in the low doped crystals (see Sec. IV.B).
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D. Determination of Diffusion Length from the Absorption and Luminescence Measurements
Using the measured absorption constants in Figs. 1 and 2, Eq. (6) was fitted to the observed spectrum for each crystal in Table I to determine SID and L. It turned out that only one unique value L was needed to get a perfect fit of the data for the whole energy range, indicating that (SID)+L-1+ ari»a(hv). For low-doped crystals (n< 10 18 cm-3 ), L= 2X lQ-4 cm (see Fig. 6 ) at 300 o K, ao=4.4Xl()4cm-t, and the maximum a(hv)~1.5Xl()4 cm-1 in the energy range covered by the spectra. Thus, SID must be greater FlO. S. Examples showing the,best fit of the photoluminescence spectra (solid curves) to values calculated from Eq. (9) using appropriate diffusion lengths at 300 0 K for three crystals representing lightly, moderately, and heavily doped crystals. 
than lX lOS cm-1 in order that (SID) + L-1+ari»a(hv)
can be satisfied. This minimum value of SID corresponds to 22 for a normalized surface recombination velocity (LSID), and is in good agreement with the value of 20 determined by Wittry and Kyser.
2
In Fig. 5 , we show as an example the perfect fit at 300 0 K obtained by choosing a unique value of L for each crystal representing lightly (2X 10 16 cm-3 ), moderately (1.62X 10 18 cm-3 ), or heavily (6.5X 10 18 em-3 ) doped n-type GaAs. Curves corresponding to different L values were also plotted for each crystal to demonstrate the uniqueness of L. Similar perfect fit was also obtained for nOK measurements and hence will not be shown here. Since this unique L is determined by fitting the right-hand side of Eq. (6), which contains a(hv), throughout the entire spectral range, any inaccuracy in the extrapolation of a(hv) causes only an imperfect fit in the rather narrow energy range covered by the extrapolation in an otherwise perfectly fitted spectrum. One could always modify the extrapolated curve to bring about a perfect fit for the whole spectrum.
It is thus clear that this extrapolation of the a(hv)
curve does not effect the L value as long as we accept the fact that the slowly varying portion of the a (hv) is the same for all the crystals. In fact, the dashed curves in Figs. 1 and 2 represent the extrapolated values which give the best fit of the data.
The L values at 300 0 and nOK determined from this curve fitting procedure are plotted in Fig. 6 18 cm-3 are less than 10-6 cm. The accuracy for L less than 10-6 cm is quite poor because in this case L-~>a(hv), and Eq. (6) becomes insensitive to L when the fitting is made with respect to the variation of hv. Therefore, L for n>4.9Xl0 1S cm-3 at 77°K was not plotted.
We now discuss the implication of a constant L for n< lX lOIS cm-3 and the rapid decrease in L for n>2X10 18 cm-3 • We may write D=DT= (kT/q)/LT, where q is the electron charge, /L is the hole mobility in n-type GaAs, and T is the total lifetime of the [S/D+L-l+ao+a(hll)]/(S/D+L-l)~l for L<5X 10-6 cm. Thus, Eq. (6) can be approximated by
where K' is a constant. Taking differentials on both sides of Eq. (7) and rearranging the terms, we obtain (8) injected holes. The mobility /L is mainly determined by the polar scattering of the lattice and the charge scattering of the ionized centers. Since the electron mobility is about 20 times the hole mobility in GaAs, the electrons will tend to screen the positively ionized donors and thus will reduce the contribution from the active Te donors (we only need to consider the Te donors, because other deeper donors, if any, will remain unionized in extrinsic n-type materials). To see how effective the electron screening is in terms of the electron concentration n, it is necessary to compare the screening length As for various n to the hole radius Ah, which is equal to the de Broglie wavelength associated with the wave packet of a hole. If As> Ah, there will be negligible screening due to electrons, and the Te donors should be considered as scattering centers. On the other hand, if A.<Ah, the ionized donors will have little effect on the hole mobility. The hole radius is given by Ah = h/ (2mhE) 1/2, where mh=0.5mO (mo is the free electron mass) is the hole effective mass, and E is the kinetic energy of a hole. Thus, for E= (3/2)kT, Ah=0.9X1Q-6 em at 300 0 K and Ah=0.46Xl0-6 em at 77°K. Ah, and the scattering due to different concentrations of ionized donors should be taken into account. However, since the following independent experiment shows a constant T in the same doping range, a constant L indicates that the sum of the concentrations of other scattering centers must be greater than that of the ionized donors n. The constancy in T was shown from the relative efficiency measurements of the crystals. For small a, Eq. (6) can be written as
where n/-= nopo. The quantity in the curled bracket on the right-hand side of Eq. (9) is a constant for constant L. In Fig. 7 values of Q at 300° and nOK are plotted as a function of no. It is seen that Q ex: no, indicating that gT is a constant. For constant excitation, g is a constant. Therefore T is a constant.
(b) For crystals in the doping ranges with 3XI0 1 7 cm-a:<:;n:<:; IX lOIS cm a at 300 0 K and 2.4XlO 1 7 cm-a :<:; n:<:; I X lOIS cm-a at 77°K, Ah < As, and the hole mobility will be practically independent of the donor concentration n. From the fact that L is a constant in the same doping range, we see that T must be a constant. We conclude from the above two cases that for 2XlO 1 6 cm-a:<:;n:<:; IX lOIS cm-3 , T is a constant independent of n. This conclusion is interpreted in terms of the following experimental observations: For all the crystals used here, the total photon yield is small «2%). We may then set ~TN, the nonradiative lifetime. The nonradiative centers associated with this nonradiative lifetime are apparently "frozen in" the crystal when it is cooled from the melt, because a solution grown crystal with similar doping exhibits much higher photon yield. 19 The concentration of these centers is hard to determine, but they must have very large capture cross sections for holes. For low-doped crystals (n< IX lOIS cm-a ) in which the formation of donor complexes or precipitates can be neglected,20 the concentration of the "frozen-in" centers associated with TN, and hence TN, should be nearly the same for the crystals of n<IX10 1s cm-3 .
For n< 2X lOIS cm-a , defects associated with donor complexes and precipita_tes are formed. 20 • 21 These defects are known to be effective hole capture centers. 22 • 23 The result is that both T and p, will be decreased with the addition of these defects. L should decrease when n> 2X 10
As we have seen in this paper, it is the reabsorption of the emitted radiation which enables us to determine the minority carrier diffusion length. In this method, a combination of optical absorption and photoluminescence is necessary, and the theory of van Roosbroeck and Shockley is used to relate the measured absorption and emission spectra. In some occasions, photoluminescence as a function of excitation wavelength alone can be used to determine L. 
